Xist requires Repeat-A, a protein-binding module in its first two kilobases (2kb), to repress transcription. We report that when expressed as a standalone transcript in mouse embryonic stem cells (ESCs), the first 2kb of Xist (Xist-2kb) does not induce transcriptional silencing. Instead, Xist-2kb sequesters RNA produced from adjacent genes on chromatin. Sequestration does not spread beyond adjacent genes, requires the same sequence elements in Repeat-A that full-length Xist requires to repress transcription and can be induced by lncRNAs with similar sequence composition to Xist-2kb. We did not detect sequestration by full-length Xist, but we did detect it by mutant forms of Xist with attenuated transcriptional silencing capability. Xist-2kb associated with SPEN, a Repeat-A binding protein required for Xistinduced transcriptional silencing, but SPEN was not necessary for sequestration. Thus, when expressed in mouse ESCs, a 5 fragment of Xist that contains Repeat-A sequesters RNA from adjacent genes on chromatin and associates with the silencing factor SPEN, but it does not induce transcriptional silencing. Instead, Xist-induced transcriptional silencing requires synergy between Repeat-A and additional sequence elements in Xist. We propose that sequestration is mechanistically related to the Repeat-A dependent stabilization and tethering of Xist near actively transcribed regions of chromatin.
INTRODUCTION
Long noncoding RNAs (lncRNAs) play essential roles in development and homeostasis by regulating gene expression (1) . Emerging data suggest that lncRNAs encode regulatory function in a modular fashion via discrete domains that each recruit effector proteins to carry out specific actions (2) (3) (4) (5) (6) (7) (8) (9) (10) . An example of this modularity comes from studies of the lncRNA Xist, which functions to silence nearly all genes along the 165 megabase (Mb) X chromosome as part of X-chromosome inactivation (XCI), the dosage compensation process that occurs early during the development of eutherian mammals. At the level of sequence composition, Xist is notable for the presence of several internal domains of tandem repeats (11) (12) (13) (14) . These repeats have been shown to recruit different subsets of RNAbinding proteins that help Xist achieve repressive function, and in this regard, they can be considered as functional modules (7) (8) (9) (10) .
One such repeat is found in the first thousand nucleotides of Xist and is called 'Repeat-A'. Repeat-A consists of eight to nine tandemly arrayed, 50 nucleotide long repeating elements that each harbor a degenerate U-rich region followed by a GC-rich region that is highly conserved among eutherians (11, 12) . Overexpressed Xist cDNA transgenes lacking Repeat-A accumulate around the mouse embryonic stem cell (ESC) inactive X chromosome in wild-type-like patterns, but they are incapable of silencing gene expression. Repressive function of the mutant transgenes can be restored by appending Repeat-A or synthetic, Repeat-Alike sequences to their 3 ends, demonstrating that Repeat-A functions as a self-contained module necessary to confer gene silencing activity to Xist (15) (16) (17) .
Repeat-A is thought to induce gene silencing by recruiting the protein SPEN. Knockout or knockdown of SPEN in multiple experimental contexts results in failure of XCI, establishing SPEN as an essential Xist cofactor (7, (18) (19) (20) . In transgenic Xist cDNA overexpression experiments, Repeat-A is necessary to recruit SPEN to Xist (7) . Concordantly, in vivo, iCLIP demonstrates robust association between SPEN and Repeat-A, and in vitro, SPEN associates with single-stranded, U-rich regions of Repeat-A that are located directly adjacent to its structured, GC-rich segments (3, 21) . In contexts outside of XCI, SPEN has been shown to repress transcription of target genes through its association with SMRT/NCoR and NuRD co-repressor complexes and several histone deacetylases (HDACs; (22) (23) (24) ). Transient knockdown of SMRT and HDAC3 in male and in female ESCs reduces the efficacy of Xist-induced gene silencing, providing support for the notion that during XCI, SPEN silences gene expression by recruiting co-repressors to Xist (18) .
Despite clear links between SPEN and Repeat-A, questions remain regarding the mechanism through which Repeat-A functions. Most notably, while SPEN is necessary for XCI, it is not known if SPEN binding to Repeat-A is sufficient to induce transcriptional silencing (18) . Moreover, outside of transgenic contexts, deletion of Repeat-A from the endogenous Xist locus causes not only a failure of XCI, but the destabilization of Xist itself (25, 26) . The mechanisms by which Repeat-A promotes Xist stability are unclear. Lastly, in transgenic Xist cDNA overexpression experiments, Repeat-A appears to be involved in targeting Xist to actively transcribed regions (27, 28) . How Repeat-A is involved in this targeting is unclear. It has been noted that the mechanism is difficult to disentangle from Repeat-Amediated stabilization of Xist (29) .
We recently developed a transgenic assay that recapitulates Repeat-A-dependent gene silencing, which we called TETRIS (Transposable Element to Test RNA's effect on transcription in cis; (30) ). In the assay, expression of the first 2 kilobases (kb) of Xist (Xist-2kb), which contains Repeat-A, is driven by a doxycycline-inducible promoter positioned adjacent to a constitutively expressed luciferase reporter gene. The linked Xist-2kb and luciferase genes are inserted into the genomes of ESCs using the piggyBac transposase. Addition of doxycycline to the media induces expression of Xist-2kb and results in an 80-90% reduction of luciferase activity relative to cells that did not receive doxycycline. We demonstrated that repression of luciferase by Xist-2kb in TETRIS requires the same sequence motifs within Repeat-A that are required for transcriptional repression by fulllength Xist--the GC-rich portion of Repeat-A but not its U-rich spacer sequences, as well as three adjacent structured elements and their intervening sequences (6, 15, 30, 31) .
Given questions surrounding the mechanisms through which Repeat-A functions in Xist, we sought to investigate the mechanism of repression induced by Xist-2kb in TETRIS as well as in a transgenic, single-copy insertion assay that is analogous to transgenic assays previously employed in mouse ESCs to identify seminal aspects of Xist biology (7, 8, (15) (16) (17) (18) (19) (20) 27) . We found, quite surprisingly, that Xist-2kb represses gene expression not at the transcriptional level, but by sequestering the mRNA of neighboring genes on chromatin. To our knowledge, our study is the first to demonstrate that expression of a lncRNA can block the nuclear export of RNA produced from an adjacent gene. We demonstrate that the ability to sequester RNA on chromatin is not unique to Xist-2kb but can also be induced by the expression of Xist-like, synthetic lncRNAs and by hypomorphic Xist mutants that retain Repeat-A but lack other key silencing domains. Furthermore, we show that recapitulating an interaction between SPEN and Repeat-A on chromatin is insufficient to induce local transcriptional silencing. Thus, in mouse ESCs, Repeat-A is necessary but not sufficient for Xist-induced transcriptional silencing. Instead, Xist-induced transcriptional silencing requires synergy between Repeat-A and other regions of Xist. We hypothesize that the mechanisms that underpin sequestration are relevant to the stabilization of Xist by Repeat-A and its role in recruiting Xist to actively transcribed regions of chromatin.
MATERIALS AND METHODS

ESC culture
E14 and pSM33 ESCs (kind gifts of D. Ciavatta and K. Plath, respectively) were grown on gelatin coated dishes at 37
• C in a humidified incubator at 5% CO 2 . Medium was changed daily and consisted of Dulbecco's modified Eagle's medium high glucose plus sodium pyruvate, 15% ESC qualified fetal bovine serum, 0.1 mM non-essential amino acids, 100 U/ml penicillin-streptomycin, 2 mM Lglutamine, 0.1 mM 2-mercaptoethanol, and 1:500 LIF conditioned media produced from Lif-1C␣ (COS) cells (kind gift of N. Hathaway). ESCs were split at an approximate ratio of 1:6 every 48 h. Rosa26-RMCE cells were grown on gamma-irradiated mouse embryonic fibroblast (MEF) feeder cells plated at ∼1.5 × 10 6 cells per 10 cm plate. Prior to harvesting of RNA for sequencing, Rosa26-RMCE cells were passaged twice off of MEF feeder cells with a 40-min pre-plate each passage and grown in 70% MEF-conditioned medium supplemented as above. Complete details of protein knockdown and knockout experiments can be found in the Supplemental Methods.
TETRIS line generation
TETRIS lines were made as described in (30) . Briefly, 4 × 10 5 E14 cells were seeded in a single well of a 6-well plate, and transfected 24 h later with 0.5 g TETRIS cargo plasmid, 0.5 g rtTA-cargo plasmid and 1 g of pUC19-piggyBAC transposase plasmid using Lipofectamine 3000 (Invitrogen) according to manufacturer instructions. Cells were selected for 7-9 days with puromycin (2 g/ml) and G418 (200 g/ml) beginning 24 h after transfection.
TETRIS assays
For each independent TETRIS cell line, six wells of a 24-well plate were seeded at 1 × 10 5 cells per well. Three of the six wells were induced with 1 g/ml doxycycline (Sigma) beginning when the cells were plated, and the remaining three wells served as 'no dox' controls. After 48 h, the cells were washed with phosphate buffered saline and lysed with 100 l of passive lysis buffer (Promega) and luciferase activity was measured using Bright-Glo™ Luciferase Assay reagents (Promega) on a PHERAstar FS plate reader (BMG Labtech). Luciferase activity was normalized to total protein concentration in the lysates via Bradford assay (Bio-Rad). Data were plotted in Python (version 3.6.5) using the barplot function of Seaborn (version 0.8.1; https: //doi.org/10.5281/zenodo.1313201) with default settings, including generation of 95% confidence intervals by 1000 iterations of bootstrap random sampling with replacement.
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RNA isolation and RT-qPCR
RNA fractionation was performed essentially as in ((32,33) ; Supplemental Methods). RNA was isolated using Trizol according to manufacturer protocol (Invitrogen). For RTqPCR assays, equal amounts of RNA (200 ng -2 g) were reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with random primers or gene-specific primers (Luc qPCR4 in Supplementary Table S3 ). Quantitative polymerase chain reaction (qPCR) was performed using iTaq Universal SYBR Green (Bio-Rad) and custom primers (Supplementary Table S3). Data were plotted in Python (version 3.6.5) using the barplot function of Seaborn (version 0.8.1; https: //doi.org/10.5281/zenodo.1313201) with default settings, including generation of 95% confidence intervals by 1000 iterations of bootstrap random sampling with replacement.
Stellaris RNA FISH
Custom Stellaris
® FISH probes were designed against the first 2kb of Xist, firefly luciferase (luc2 in pGL4.10; Promega), and the hygromycin resistance gene (HygroR) using the Stellaris ® RNA FISH Probe Designer (Biosearch Technologies, Inc.) and labeled with Quasar ® 670 (Xist2kb) or 570 (luciferase and HygroR) dye. FISH was performed as described in ((34); Supplemental Methods).
Recombinase-mediated cassette exchange (RMCE)
Complete details can be found in the Supplemental Methods. Briefly, a male F1-hybrid mouse ESC line (derived from a cross between C57BL/6J (B6) and CAST/EiJ (Cast) mice; kind gift of T. Magnuson) was made competent for recombinase-mediated cassette exchange (RMCE) by insertion of a custom homing cassette into the Rosa26 locus via homologous recombination. Xist transgenes were cloned via PCR or recombineering into a custom RMCE-cargo vector and then electroporated along with a plasmid expressing Cre-recombinase into RMCE-competent cells using a Neon ® Transfection System (Invitrogen). After selection on hygromycin (150 g/ml) and ganciclovir (3 M), individual colonies were picked and genotyped, then selected on G418 (200 g/ml) after transfection with a pUC19-piggyBAC transposase and a piggyBac-based cargo vector containing an rtTA-expression cassette from (35) .
RNA sequencing and analysis
RNA-seq libraries were prepared using the RNA HyperPrep Kit with RiboErase (Kapa Biosciences) and sequenced on an Illumina NextSeq 500 machine using a 75-cycle high output NextSeq kit (Illumina). Sequencing reads were aligned and processed essentially as in (36, 37) . Differential expression analysis was performed with DESeq2 (38) . To quantify nuclear fraction of transcripts, upper quartilenormalized nuclear and cytosolic counts for each gene were added together and the normalized nuclear count values were divided by the total. All genome-related plots were generated using R (version 3.4.4; (39)). Complete details can be found in the Supplemental Methods.
Immunoprecipitation (IP)
IP experiments were performed using a protocol from (40) . Complete details can be found in the Supplemental Methods.
RESULTS
Xist-2kb sequesters mRNA on chromatin
TETRIS is a transgenic assay that allows the sequence of a lncRNA to be manipulated in a plasmid and then tested for its ability to repress activity of an adjacent reporter gene in a chromatin context. The assay employs the piggyBac transposase to insert a lncRNA expression cassette, a luciferase gene, and a gene conferring resistance to puromycin into the genomes of transfected cells ( Figure 1A) . Expression of non-repressive lncRNAs in the assay typically causes an ∼2-fold increase in luciferase activity, which we attribute to the proximity of the doxycycline-inducible TRE promoter and the PGK promoter that drives expression of luciferase (30) .
In contrast, we previously demonstrated that expression of the first 2kb of Xist (Xist-2kb) in TETRIS causes an 80 to 90% reduction of luciferase activity; this silencing depends on Repeat-A and an additional ∼750 nucleotides of sequence located just downstream (region deleted in ss234 in Supplementary Figure S1A ; (30)).
During our initial validation of TETRIS, we performed a control to verify that expression of Xist-2kb caused a level of transcriptional silencing commensurate with the 80% reduction in luciferase protein activity. To our surprise, Xist-2kb expression led to an increase, not decrease, in luciferase mRNA levels, despite the repression of luciferase protein activity ( Figure 1B and C) . The decrease in luciferase protein was confirmed by western blot (Supplementary Figure S1B ), while the increase in luciferase mRNA abundance was characteristic of TETRIS assays in which non-repressive lncRNAs are expressed (see Hottip assays in Figure 1B and C and (30)). The concurrent 80% reduction of luciferase protein activity and elevation of luciferase mRNA levels persisted even after 21 days of Xist-2kb induction (data not shown). Strand-specific RT-qPCR assays confirmed that the increase in luciferase mRNA originated from the PGK promoter driving luciferase and not from a long, read-through transcript originating from the TRE promoter ( Figure 1D ). We hypothesized that the reduced level of luciferase activity without loss in mRNA abundance was due to physical sequestration of the luciferase mRNA on chromatin. We fractionated cells as in (32, 33) and found that upon Xist2kb induction, the vast majority of total luciferase mRNA co-purified with chromatin, consistent with our hypothesis (Figure 2A ). Malat1 RNA and Gapdh mRNA showed no change in distribution after Xist-2kb induction, as expected ( Figure 2A) .
The percentage of mRNA that co-purified with chromatin from the puromycin resistance gene (PuroR) also increased upon Xist-2kb induction (Figure 2A) , and the functional consequence of PuroR mRNA sequestration was confirmed by observations that Xist-2kb expression inhibited the survival of cells grown in the presence of puromycin (Supplementary Figure S1C) . In contrast to the luciferase Figure S1 and Supplementary Table S3. gene, which is convergently oriented relative to Xist-2kb, the PuroR gene is oriented in tandem. Collectively, these results demonstrate that sequestration induced by Xist-2kb is not exclusive to the luciferase mRNA and show that sequestration can occur regardless of whether target genes are oriented in tandem or convergently to the inducing lncRNA. We also observed a full recovery of luciferase activity after two days growth in the absence of doxycycline, demonstrating that sequestration requires continued expression of Xist-2kb ( Figure 2B ). The sequestration of luciferase and PuroR mRNAs was accompanied by changes in mRNA stability. Upon expression of Xist-2kb, the half-life of luciferase mRNA dropped ∼75%, from 14.9 to 3.9 h, and the half-life of PuroR mRNA dropped ∼50%, from 17 to 8.2 h ( Figure 2C ). Expression of Hottip had no effect on the stability of luciferase or PuroR mRNA ( Figure 2C ). Translation is thought to be a major mechanism through which mRNAs are stabilized in cells (41) , so the reduced half-lives are consistent with a shift of luciferase and PuroR mRNA to the chromatin fraction upon expression of Xist-2kb.
It was unclear whether partial or full-length luciferase and PuroR mRNAs were sequestered in the nucleus upon Xist-2kb expression. Using RT-qPCR with primer pairs targeting multiple regions of each mRNA, we found that Xist2kb expression caused changes in signal along the length of luciferase and PuroR mRNAs that were similar between primer pairs ( Figure 2D -F). Upon induction of Xist-2kb, cytoplasmic levels of luciferase mRNA decreased 3-to 4-fold, coincident with the observed 4-to 7-fold increases in nuclear signals ( Figure 2E ). Relatedly, cytoplasmic levels of PuroR mRNA decreased 6-to 8-fold upon Xist-2kb expression, while the nuclear levels of PuroR remained unchanged ( Figure 2F ). The exception to these patterns was a 12-and 4-fold increase in nuclear signal at the 5 ends of the luciferase and PuroR transcripts, respectively, which may be consistent with the accumulation of short 5 mRNA products via an increase in promoter-proximal pausing upon addition of doxycycline (Figure 2E and F; (42) ). We also note that the apparent increase in overall levels of luciferase mRNA were only detected when the 'Luc 4' primer pair was used (Figure 2E ; Figure 1C luciferase data were also obtained using the 'Luc 4' primer pair). Taken together, these data suggest that although full-length luciferase and PuroR mRNAs are still produced in the presence of Xist-2kb, their export to the cytoplasm is greatly hindered.
We hypothesized that luciferase mRNA was specifically sequestered near the site of Xist-2kb transcription. To test this hypothesis, we used a single-molecule sensitivity FISH assay from Stellaris (34) . In Xist-2kb ESCs untreated with doxycycline, luciferase mRNA was broadly dispersed throughout the cytoplasm, consistent with its ongoing export from the nucleus and active translation ( Figure 2G ). In contrast, upon Xist-2kb induction, the cytoplasmic signal was lost, and we observed the appearance of foci of luciferase mRNA that co-localized with Xist-2kb in the nucleus. These results suggest that sequestration occurs in cis, Each point shows the average of technical duplicate qPCR measurements of one of three biological replicate platings normalized to Gapdh and set relative to 0 h on a log2 scale. Linear models were fit to the data, plotted with 95% bootstrap confidence intervals, and used to calculate half-lives (t 1/2 ). To compare regression lines between uninduced (− dox) and induced (+ dox), a single linear regression model was built including an interaction term between time and induction. ***P < 0.001; *P < 0.05, hypothesis test using linear regression model with interaction effect.
Xist-2kb Hottip
(D) RT-qPCR analysis of Gapdh RNA and Malat1 lncRNA to assess loading and fractionation quality of RNA prepared from unfractionated parental E14 ESCs (E14 total), unfractionated TETRIS Xist-2kb ESCs (Total) and TETRIS Xist-2kb ESCs fractionated into nuclear (Nuc) and cytoplasmic (Cyt) fractions. TETRIS Xist-2kb ESCs were incubated for 48 h in the absence (− dox) or presence (+ dox) of 1 g/ml doxycycline prior to harvesting. For each primer pair, RNA abundance values are normalized relative to the average 'Total −dox' value, which was arbitrarily set to 1. Each dot represents the RNA abundance from a biological replicate cell plating (n = 1 for E14 total, n = 3 for all others), each calculated as the average of technical triplicate qPCR measurements. Table S3 .
in regions that accumulate Xist-2kb upon addition of doxycycline ( Figure 2G ).
Sequestration depends on GC-rich sequence elements in Repeat-A and can be induced by Xist-like, synthetic lncRNAs
In previous work, we demonstrated that repression of luciferase by Xist-2kb in TETRIS depended specifically on the GC-rich individual repeats in Repeat-A, and not its Urich spacers, as well as three stably structured elements located just downstream of Repeat-A and their intervening sequence ((30); Figure 3A ). Consistent with these data, we found that deletion of the GC-rich portions of Repeat-A, the stably structured region, or all of Repeat-A and the downstream structures each abrogated sequestration of luciferase and PuroR mRNA ( rA (no GC), ss234, and rA234, respectively; Figure 3A and B). Relative to Xist2kb, these deletions led to an apparent destabilization of the mutant Xist transcripts coincident with a minor reduction in their association with chromatin ( Figure 3C and D) . Collectively, these data show that the same genetic elements in Repeat-A that are required for repression by full-length Xist (15) are required for sequestration of luciferase mRNA.
We recently recognized that different lncRNAs can encode similar function through different spatial arrangements of related sequence motifs (30) . As a part of that study, we designed a series of synthetic lncRNAs with varying levels of non-linear sequence similarity to Xist-2kb, and we demonstrated using the TETRIS assay that the synthetic lncRNAs repressed luciferase activity in a manner that was directly proportional to their non-linear similarity to Xist-2kb. The synthetic lncRNAs had no linear homology to Xist, each other, or any region in the mouse or human genome (30) . Here, we examined whether these synthetic lncRNAs, like Xist-2kb, repressed luciferase activity in TETRIS by sequestering mRNA on chromatin. Indeed, we observed a direct correlation between the repressive activity of synthetic lncRNAs in TETRIS ( Figure 3E ) and their ability to sequester luciferase mRNA on chromatin ( Figure 3F ). Thus, in addition to Xist, other lncRNAs are also capable of sequestering nearby mRNA on chromatin. Further, their ability to sequester nearby mRNA is correlated to their non-linear sequence similarity to Xist-2kb.
Xist hypomorphs sequester nearby mRNA on chromatin as single-copy insertions
Under the conditions we use to make standard TETRIS ESC lines, approximately five copies of the Xist2kb/luciferase cargo DNA are randomly inserted into the genome of each cell that survives the selection process (30) . We sought to determine if Xist-2kb could sequester the mRNA of nearby genes when inserted as a single copy into a defined chromosomal locus. Insertion into a defined locus would also allow us to determine the extent to which Xist-induced sequestration can spread along a single chromosome. In parallel, such a system would allow us to directly compare the extent to which Xist-2kb silenced gene expression relative to full-length Xist as well as to hypomorphic Xist mutants that lacked different subsets of key functional domains.
To these ends, we established an RMCE system in the Rosa26 locus (43) . We created a Rosa26 targeting vector that contained a lox66 site, a puromycin-Herpes-SimplexVirus-thymidine-kinase fusion protein and a lox2272 site followed by a polyadenylation cassette ( Supplementary Figure S2A) . The targeting construct was electroporated into F1-hybrid, male ESCs that were derived from a cross between C57BL/6J (B6) and CAST/EiJ (Cast) mice, and Southern blot was used to confirm insertion of the construct into the correct locus on the B6 allele of selected clones (Supplementary Figure S2B) . In parallel, we created a cargo vector that contained a lox71 site, a lncRNA-expression cassette driven by a doxycycline-inducible promoter, a constitutively expressed hygromycin B resistance gene lacking a polyadenylation signal and a lox2272 site (Supplementary Figure S2C) . Figure S2D ; not shown).
We employed this RMCE system to create four separate ESC lines that expressed different versions of inducible Xist transgenes from Rosa26 ( Figure 4A ): one line expressed the Xist-2kb transgene, another line expressed full-length Xist from its endogenous DNA sequence (not a spliced transgene), another line expressed the first 5.5kb of Xist ('Xist-5.5kb'), which includes the Repeat-B and Repeat-C domains of Xist known to recruit PRC1 (8) , and a final line expressed Xist-2kb fused to the final 2 exons of Xist ('Xist2kb+6,7'). The final two exons of Xist include Repeat-E and are essential for proper Xist localization and PRC2 recruitment to the inactive X (9,44,45). As a negative control, we created a control ESC line that underwent recombination but lacked any Xist insertion ('empty'). We then used piggyBac-mediated transgenesis to insert the reversetetracycline transactivator (rtTA; (35)) into select clones of each genotype, to allow doxycycline-inducible expression of each cargo RNA. RNA FISH and RT-qPCR verified the doxycycline-inducible expression of each transgene in each clone ( Figure 4B and not shown). We note that despite several attempts, we were unable to clone an Xist-5.5kb construct that contained all ∼36 repeats in Repeat-B; the construct used for this study contained ∼14 repeats ( Figure 4A and Supplementary Figure S3A) .
To determine if any of the Xist sequences sequester nearby mRNAs when expressed from the Rosa26 locus, and to determine how far along the chromosome the sequestration spread, we induced Xist transgene expression for 3 days and sequenced RNA purified from cytoplasmic and nuclear fractions. In parallel, we treated empty-cargo ESCs with doxycycline for 3 days and sequenced RNA purified from cytoplasmic and nuclear fractions. Expression of the Xist transgenes was verified by examining reads mapping to the endogenous Xist locus (which is not expressed in these cells; Supplementary Figure S3B) , and total counts were used to calculate RPKM values for each Xist transgene. All transgene RNA localized in the nucleus (Supplementary Figure  S3C) , and expression levels were only slightly lower for the Xist hypomorphs than for full-length Xist ( Figure 4C) . Next, we examined the extent to which cytoplasmic gene expression was silenced by the different Xist transgenes (Supplementary Figure S4A-H) . In cells expressing fulllength Xist, we detected 2404 genes that were differentially expressed between empty-cargo ESCs after 3 days of doxycycline treatment. On the B6 allele of chr6--the chromosome that harbors the Xist transgene at the Rosa26 locus--214 genes were differentially expressed (Supplementary Figure S4A ). Of these, 205 genes shifted in the downward direction and 9 shifted in the upward direction, consistent with repression by full-length Xist (Supplementary Figure S4A) . On the Cast allele of chr6, only 34 genes changed, with similar numbers going up (21 genes) and down (13 genes; Supplementary Figure S4B) . The 2175 remaining differentially expressed genes throughout the genome also consisted of similar numbers of genes that were up-and downregulated (1012 and 1163, respectively). Thus, as expected, insertion of full-length Xist into Rosa26 caused chromosome-level repression of genes in cis, and also caused gene expression changes genome-wide due to secondary effects of Xist expression.
Expression of Xist-5.5kb and Xist-2kb+6,7 also led to silencing of genes along the B6 allele of chr6, but at a reduced level relative to full-length Xist. Xist-5.5kb expression led to 
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X is t-fu ll le n g th Tables S1 and S2. differential expression of 98 genes on the B6 allele of chr6, 76 of which were shifted down (Supplementary Figure S4C ; Cast allele Supplementary Figure S4D) . Xist-2kb+6,7 expression led to differential expression of 88 genes on the B6 allele of chr6, 65 of which were shifted down (Supplementary Figure S4E ; Cast allele Supplementary Figure S4F) . The majority of genes repressed by the two hypomorphs were also repressed by full-length Xist (69 of 76 for Xist-5.5kb and 64 of 65 for Xist-2kb+6,7). Forty-nine genes were silenced by all three transgenes ( Figure 4D ). The loss of nuclear as well as cytoplasmic RNA-seq signal at these genes indicated that, along with full-length Xist, the hypomorphic Xist transgenes induced transcriptional silencing (Supplementary Figure S5A -C).
In contrast, when comparing cytoplasmic expression between Xist-2kb and empty-cargo ESCs, we only detected three differentially expressed genes genome-wide (including Xist), all on the B6 allele of chr6 ( Supplementary Figure S4G ; Cast allele Supplementary Figure S4H ). These data indicate that expression of Xist-2kb does not cause chromosome-level changes in gene expression.
However, when we examined cytoplasmic and nuclear levels of the two genes nearest to the transgene insertion site--the gene conferring hygromycin resistance (∼1kb downstream; HygroR), and Setd5 (∼5kb downstream)--we found strong evidence of Xist-induced sequestration, specifically in cells expressing Xist hypomorphic transgenes. The nuclear fraction of reads deriving from HygroR was significantly increased by expression of Xist-2kb, Xist-5.5kb, and Xist-2kb+6,7, but not by full-length Xist (Figure 4E ), consistent with sequestration of HygroR mRNA. Similarly, the nuclear fraction of reads mapping to the B6 allele of the Setd5 gene was significantly increased by expression of Xist2kb and Xist-5.5kb, but not by Xist-2kb+6,7 or full-length Xist ( Figure 4F ). Single-molecule FISH confirmed that HygroR mRNA co-localized in the nucleus with Xist-2kb, providing additional support that sequestration occurs in cis, near the site of Xist transcription ( Figure 4G ). Examination of nuclear RNA levels relative to empty-cargo control indicated that in Xist-2kb and Xist-5.5kb cells, sequestration of HygroR and Setd5 was not accompanied by transcriptional silencing (Figure 4H and I) . In contrast, the same analysis showed that in Xist-2kb+6,7 cells, sequestration of HygroR occurred jointly with transcriptional silencing ( Figure 4H ). Sequestration remained limited to the genes adjacent to the Xist-insertion locus; we found no evidence for sequestration of genes along the rest of chr6 (Supplementary Figure S5D and not shown).
Next, we used RT-qPCR to determine if sequestration was accompanied by a change in total levels of mRNA produced from sequestered genes. Indeed, relative to emptycargo control, total mRNA levels of HygroR were decreased by more than 70% by all Xist hypomorphs that induced HygroR sequestration (Xist-2kb, Xist-5.5kb, and Xist-2kb+6,7; Figure 4J ). Total mRNA levels of Setd5 were also modestly decreased by one of two Xist hypomorphs that induced Setd5 sequestration (decreased by Xist-2kb but not by Xist-5.5kb; Figure 4K ). Consistent with these results, expression of Xist-2kb in TETRIS led to an overall reduction in PuroR mRNA levels ( Figure 2F ) and significantly reduced luciferase and PuroR mRNA stability ( Figure 2C ). Together, these results indicate that sequestration can decrease total levels of mRNA without causing transcriptional silencing, presumably because mRNA is degraded at a higher rate in the nucleus compared to the cytoplasm.
We conclude that hypomorphic versions of Xist can sequester nearby mRNAs when expressed from a single chromosomal locus, that full-length Xist does not sequester mRNAs to a similar extent, and that sequestration remains local and can reduce mRNA levels of target genes.
Lack of evidence for stable mRNA sequestration at the onset of X-inactivation
It remained possible that sequestration of target mRNAs by full-length Xist occurred transiently, at the earliest stages of Xist-induced gene silencing, and was not detectable after three days of Xist induction. To test this idea, we sequenced cytoplasmic and nuclear RNA 3, 5 and 24 h after induction of Xist in pSM33 cells, a male ESC line in which the endogenous promoter of Xist has been replaced with a doxycycline-inducible one (27) . We found that 291 out of 421 expressed genes on the X were significantly silenced following 24 h of Xist expression in pSM33 cells (Supplementary Figure S6A ). However, we were unable to detect evidence for chromosome-level sequestration at any timepoint post-Xist induction (Supplementary Figure S6B and  C) . Thus, at the time-points profiled, gene silencing by fulllength Xist does not appear to be accompanied by the stable sequestration of mRNA on chromatin.
Xist-2kb associates with SPEN and RBM15, but neither are required for sequestration
Having established that expression of Xist-2kb in mouse ESCs does not induce transcriptional silencing, as would have been expected based on current models for Repeat-A function, we next sought to determine if Xist-2kb still bound SPEN, a key cofactor required for Repeat-Ainduced transcriptional silencing (7, (18) (19) (20) . We also examined whether Xist-2kb bound RBM15, another Repeat-A binding protein shown to be important for Xist-induced silencing (19, 46) . We used a formaldehyde-based immunoprecipitation (IP) approach to determine whether SPEN and RBM15 associated with the Xist-2kb RNA (40) . Indeed, IP of both SPEN and RBM15 from crosslinked and sonicated cell extracts robustly retrieved RNA corresponding to Repeat-A, but did not retrieve RNA upstream or downstream of Repeat-A within Xist-2kb. The enrichment of Repeat-A was lost in IP from rA234 cells ( Figures 3A  and 5A and B) . Thus, two Repeat-A binding proteins required for Xist-induced transcriptional silencing, SPEN and RBM15, also associate with Xist-2kb in a Repeat-Adependent manner.
To determine whether Xist-induced sequestration requires SPEN or RBM15, TETRIS assays using Xist-2kb were performed in ESCs following CRISPR-mediated deletion (SPEN) or depletion (RBM15) of the proteins. For SPEN, ∼40kb of the gene, including its major RNAbinding domains (21) , was targeted for deletion by CRISPR (Supplementary Figure S7A) . This deletion is known to Figure  S7 and Supplementary Table S3. cause complete failure of XCI and is expected to comprise a null mutant (20) . Deletion was confirmed in select clones by PCR of genomic DNA and RT-qPCR (Supplementary Figure S7B and Figure 5C ), which showed the expected loss of Spen mRNA expression in the deleted region. TETRIS assays performed in two independent SPEN deletion lines showed that SPEN deletion had no effect on Xistinduced sequestration ( Figure 5D ). For RBM15, polyclonal cell populations were generated that carried sgRNAs targeting a doxycycline-inducible Cas9 to numerous locations in gene exons of Rbm15, leading to significant depletion of the protein product ( Figure 5E and Supplementary Figure  S7C ). RBM15B, a paralog of RBM15 which can compensate for its role in Xist-mediated repression (46), was also depleted individually and in combination with RBM15 (Figure 5E and Supplementary Figure S7D) . EZH2, which we did not expect to be involved in Xist-induced sequestration, was also depleted as a negative control ( Figure 5E and Figure S7E) . As a second control, we performed TETRIS assays in cells which express Cas9, rtTA, and a sgRNA that lacked a genic targeting sequence (rtTA, Figure 5E ). Relative to control cells that expressed the non-targeting sgRNA, TETRIS assays in knockdown cell lines showed no reduction of luciferase protein repression ( Figure 5F ). Thus, individual knockdown of several proteins required for transcriptional silencing by Xist -SPEN, RBM15, RBM15B and EZH2 -does not affect silencing of luciferase in TETRIS.
DISCUSSION
Reductionist systems are ubiquitously employed in biology to simplify complex systems into constituent parts. Such systems have fundamentally advanced our understanding of many biological processes, including transcription, splicing and epigenetic phenomena such as position effect variegation and XCI. Using two reductionist assays similar in nature to those that have been used in many prior studies in mouse ESCs to identify seminal aspects of Xist biology (7, 8, (15) (16) (17) (18) (19) (20) 27) , we found, quite unexpectedly, that expression of the first 2kb of Xist was insufficient to induce transcriptional silencing of nearby genes. Instead, Xist-2kb silenced adjacent genes at the post-transcriptional level, by sequestering their RNA on chromatin. Sequestration was rapidly reversible upon loss of Xist-2kb expression, and, critically, depended on the same sequences within Repeat-A that are needed to induce transcriptional silencing by fulllength Xist: its conserved, GC-rich segments, but not its intervening U-rich spacers (Figures 1 and 2; (15) ). Sequestration of RNAs produced from genes located at variable distances and in different orientations relative to Xist-2kb, as well as the lack of sequestration in cells expressing Hottip or empty-cargo control RNAs, indicates that sequestration is not an effect of convergent transcription. Our ability to observe sequestration of multiple target RNAs by Xist-2kb, as well as sequestration of a single target RNA by multiple synthetic lncRNAs, indicates that sequestration is unlikely to require extensive base pairing between lncRNA and target and supports its dependence on a protein intermediary. In the context of the Rosa26 locus, there was not a clear relationship between sequestration and expression levels of Xist transgenes. Knockdown of our top candidates, SPEN and RBM15, had no effect on sequestration, suggesting the process may be mediated by other proteins. We found no evidence of ongoing sequestration at time points both early and late after induction of full-length Xist, but we did observe local sequestration by two Xist hypomorphs that were capable of chromosome-scale transcriptional silencing. These data suggest that stable sequestration of target genes is not an obligate intermediate during Xist-induced gene silencing. However, along with our experiments done with synthetic lncRNAs, they indicate that sequestration is not an action limited to Xist-2kb.
Our study provides another example of a connection between lncRNAs and pathways that mediate the export of RNA from the nucleus. For reasons that are unclear, many of the proteins that Xist requires for its function have roles in RNA export (19) . Moreover, the lncRNAs Malat1 and Neat1 have been shown to sequester RNAs in specific regions of the nucleus, and, intriguingly, at the level of kmers, Malat1 and Neat1 are more similar to Xist than they are similar to most other lncRNAs (30, (47) (48) (49) . A recent study found that release of a lncRNA from chromatin coincided with increased transcription from a nearby proteincoding gene (50) . Thus, in the mammalian nucleus, multiple connections exist between lncRNAs, RNA export and transcription. These connections extend even to the fission yeast Schizosaccharomyces pombe, where a block in RNA export during meiosis induces locus-specific formation of heterochromatin (51) .
Thus, in ways that are not yet understood, it is conceivable that Xist functions in part by interfering with RNA export. It is possible that sequestration of RNA occurs during the earliest phases of Xist-induced gene silencing, but that sequestration is undetectable under steady-state conditions because it destabilizes RNA and is followed immediately by transcriptional silencing. Consistent with this notion, sequestration was only apparent upon expression of Xist mutants with attenuated silencing capabilities, and sequestration reduced overall levels of target transcripts. In TETRIS, Xist-2kb reduced the total levels of PuroR mRNA by 4-fold without changing its nuclear levels and Xist-2kb also reduced the stability of luciferase and PuroR mRNA ( Figure 2F and C) . Similarly, in the Rosa26 locus, Xist-2kb and Xist-5.5kb reduced total levels of HygroR mRNA by 5-fold without reducing nuclear levels ( Figure 4J and H) . A separate study, performed in human cells, found that as few as two individual monomers from Repeat-A were sufficient to reduce the total mRNA levels of a nearby GFP reporter by half (52) . While this reduction in GFP mRNA was interpreted as transcriptional silencing, the decrease could have been due to a Repeat-A induced block in nuclear export leading to destabilization of GFP mRNA. Together, these examples are not inconsistent with the possibility that a block in nuclear export of target genes (i.e. sequestration) occurs transiently during XCI, coincident with the onset of Xist-induced transcriptional silencing. Sequestration would reduce overall levels of mRNA from sequestered genes, and would be difficult to distinguish from transcriptional silencing unless RNA localization or half-life was analyzed at the appropriate time-point.
However, because expression of Xist-2kb was not associated with transcriptional silencing, nor did sequestration require the critical silencing factor SPEN, nor did sequestration spread beyond genes that were directly adjacent to hypomorphic Xist insertion sites, we favor the hypothesis that the mechanisms that underlie sequestration are more directly related to the splicing, post-transcriptional stabilization and/or localization of Xist to actively transcribed regions of chromatin. All of these events, as well as sequestration, depend on a functional Repeat-A element (25) (26) (27) (28) . It is possible that the same proteins that cause Repeat-A to sequester nearby RNA on chromatin help tether Xist to actively transcribed loci through interactions with RNAs produced from soon-to-be-repressed genes. Simultaneously or independently, the proteins required for sequestration may protect the unusually large exons in Xist (>7.5kb) from unintended splicing or degradation. Studies to address these hypotheses are ongoing in our laboratory.
At last, in the simplest model for XCI, Xist recruits SPEN via Repeat-A, which, in turn, recruits HDAC3 to silence transcription over the X chromosome (18) . Our data definitively demonstrate that in mouse ESCs, recapitulating a SPEN/Repeat-A interaction is insufficient to induce transcriptional silencing by Xist, highlighting a critical gap in our understanding of the mechanism through which Repeat-A functions to silence gene expression. Even though Xist-2kb is retained on chromatin and binds SPEN in Repeat-A-dependent fashion, it fails to induce transcriptional silencing, even of nearby genes. However, fusion of Xist-2kb to the remaining first 5.5kb of Xist, which in our construct included Repeat-C and a portion of the essential PRC1 recruitment domain Repeat-B ( Figure 4A and Supplementary Figure S3A ; (8)), or the fusion of Xist-2kb with the final two exons of Xist, which lacks a PRC1 recruitment domain but contains Repeat-E and additional downstream sequence elements (6, 9, 44, 45) , both conferred near-equal transcriptional silencing capability in an isogenic context (Figure 4 and Supplementary Figures S3 and  S4 ). Thus, in mouse ESCs, Repeat-A is necessary for Xistinduced transcriptional silencing, but it is not sufficient. Silencing requires synergy between Repeat-A and additional downstream sequence elements within Xist. It will be important to define the molecular mechanisms that underlie this synergy in future works.
More broadly, the potential for similar forms of synergy between protein interaction modules in RNA is widespread in the mammalian transcriptome. For example, many of the proteins that Xist binds in cells are considered to be 'splicing factors' that have well-documented roles in RNA processing and export (7, 8, 18, 26, 53) . The Xist cofactor HNRNPK binds thousands of different positions within thousands of RNA transcripts yet only a subset of the binding events are directly associated with changes in splicing (54, 55) . Still, we presume that HNRNPK binding in its own capacity is not sufficient to cause transcripts to induce Xist-like gene silencing. Similarly, SPEN family proteins are known to be involved in the nuclear export and 3 -end processing of mRNAs (56) (57) (58) (59) , and SPEN itself appears to associate with thousands of different transcripts in ESCs and in mouse trophoblast stem cells ((21,60); Supplementary Table S4 ; our unpublished data). Presumably, the majority of these associations do not cause Xist-like transcriptional silencing events. Understanding the properties that confer regulatory function to RNAs will require the study of their protein binding modules in isolation and in combination.
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